Introduction
Capillary tubes are known to exhibit interesting and useful physical or hydrodynamic phenomena, such as electroosmotic flow and laminar flow. The electroosmotic flow in a capillary tube exhibits capillary electrophoresis 1, 2 and capillary electrochromatography 3, 4 properties, and laminar flow conditions enable hydrodynamic chromatography. 5, 6 Recently, it was reported that, when a ternary solvent mixture of water-hydrophilic/hydrophobic organic solvent is fed into a microspace under laminar flow conditions, the mixture solvents are radially distributed in the microspace. [7] [8] [9] The radial distribution of the solvents in a microspace is referred to as the tube radial distribution phenomenon (TRDP) for convenience.
The TRDP creates a liquid-liquid (aqueous-organic) interface in a microflow from a homogeneous aqueous-organic mixture solution in a batch vessel. The phase interface is specific; it is kinetic, not static. That is, the TRDP is a new phase interface concept, and can be applied to various technological, engineering, and scientific fields. We are currently investigating the TRDP from the viewpoints of chromatography, 10, 11 extraction, 12 and chemical reaction space. 13 In this paper, the formation of inner and outer phases in the TRDP is considered based on experimental data that were reported in our previous papers. [7] [8] [9] [10] Also, the results of computer simulations agree well with the phase formation observed through the TRDP.
Experimental
Water was purified with an Elix 3 UV system (Millipore Co., Billerica, USA). All reagents used were obtained commercially, and were of analytical grade. Perylene, Eosin Y, acetonitrile, and ethyl acetate were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). A microchip made of quartz incorporating a microchannel line (100 μm wide × 40 μm deep) was manufactured by Microchemical Technology (Kanagawa, Japan).
The fluorescence in the microchannel was monitored using a fluorescence microscope (BX51; Olympus, Tokyo, Japan) equipped with an Hg lamp, a filter (U-MWU2, ex. 330 -385 nm, em. > 420 nm), and a CCD camera (JK-TU53H; Toshiba, Tokyo, Japan). The ternary mixed solvent solutions were delivered into the microchannel using a microsyringe pump. Fluorescence photographs, which contained mainly blue and green color because perylene and Eosin Y emit light at 470 and 550 nm, respectively, were transformed into line drawings to assess the color depth (red, green, and blue (RGB)). The line drawings were then digitized, and the numbers were standardized to the line-drawing data to give the fluorescence profiles.
The phase formation in a capillary tube was computer-simulated with the volume of the fluid method (VOF) (Fluent program; ANSYS, Inc., Canonsburg, USA). The simulation conditions were as follows. The carrier solution was a water-ethyl acetate mixture with a 3:7 volume ratio (organic solvent-rich) and a water-ethyl acetate mixture with a 7:3 volume ratio (water-rich). The capillary length was 1000 μm, the capillary inner diameter was 50 μm, the contact angles of 30 and 150 of water (water-rich outer phase) on the inner wall expressed the hydrophilic and hydrophobic nature of the inner wall against the outer phase, respectively; as well as contact angles of 30 and When the ternary mixed solvents of a water-hydrophilic/hydrophobic organic solvent mixture are delivered under microspace under laminar flow conditions, the solvent molecules are radially distributed in the microspace, and generate a major inner phase and a minor outer phase. We call this fluidic phenomenon as the tube radial distribution phenomenon (TRDP). In this paper, phase formation in the TRDP was collectively considered based on experimental data, such as the inner and outer phase formation in a microchannel under laminar flow conditions, the phase diagram for the ternary mixed solvents, the solvent-component ratios required for the TRDP, and the phase transformation in a batch vessel above atmospheric pressure, which were mainly reported in our previous papers. Furthermore, the formation of inner and outer phases in a capillary tube was simulated with the two-component solvents mixture model of water and ethyl acetate. Phase formations in capillary tubes were expressed through computer simulations. Notes 150 of the organic solvent (organic solvent-rich outer phase) on the inner wall expressed the hydrophobic and hydrophilic nature of the inner wall against the outer phase, respectively. The linear velocity was 3.7 mm s -1 , the outlet pressure was atmospheric pressure (1.0 × 10 5 Pa), the total mesh number was 807500 (radial size length, 1.1 μm; axial size length, 20 μm), and the capillary was filled with the carrier solution in advance.
Results and Discussion
Under certain microflow conditions of the ternary carrier solvents of a water-hydrophilic/hydrophobic organic solvent, an organic solvent-rich major inner phase and a water-rich minor outer phase were generated by the TRDP in an organic solvent-rich carrier solution. In contrast, with a water-rich carrier solution, a water-rich major inner phase and an organic solvent-rich minor outer phase were generated, regardless of the inner wall material in a microspace. However, specific homogeneous solutions which of the compositions of the ternary solvents are positioned near to the homogeneous-heterogeneous boundary in the phase diagram are required for the TRDP. 8 It is possible that pressure changes imposed on the solution in a microspace under laminar flow conditions might alter the carrier solution from homogeneous in a batch vessel to heterogeneous in a microspace.
In our previous paper, 9 microchannel fluorescence photographs for the organic solvent-rich solution (water-acetonitrile-ethyl acetate; 3:8:4 volume ratio) containing perylene (0.1 mM) and Eosin Y (1 mM) and the water-rich solution (80:20:9 volume ratio) containing perylene (0.1 mM) and Eosin Y (0.1 mM) were examined with a fluorescence microscope-CCD camera (Supporting Information; Figs. S1(a) and S1(b), respectively). A phase diagram of the ternary mixed solvents is also shown in Fig. 1 , and the component ratios of the above-mentioned solutions are plotted in the diagram. For an organic solvent-rich solution, hydrophobic perylene was distributed around the middle of the microspace in the microchannel, and the relatively hydrophilic Eosin Y was distributed near the inner wall ( Fig. S1(a) ). In the water-rich solution, Eosin Y was distributed around the middle of the channel and perylene was distributed near the inner wall (Fig. S1(b) ).
We considered why major solvents are distributed around the middle of the tube, whereas minor solvents are distributed near the inner wall, irrespective of whether the carrier solutions are organic solvent-rich or water-rich. 9 The linear velocity in the radial face section of the capillary tube (circle curves) under laminar flow conditions indicates that the inside area of a tube has a lower velocity-change gradient than the outside area. The real velocity curve in an aqueous-organic solvent mixed solution may deviate from an ideal velocity curve. Considerations of fluidic stability based on the linear velocity gradients in the radial profile under laminar flow conditions imply that the major solvents must occupy the inside area instead of the outside area in the capillary tube (Supporting Information; Fig. S2) .
In this study, we tentatively tried to propose another view of the inner and outer phase formation in the TRDP, based on the above and below experimental data. A specific homogeneous solution, whose component ratio was near the boundary between homogeneous and heterogeneous in the phase diagram, was pressurized greater than atmospheric pressure with nitrogen gas in a batch vessel where it was under the control of gravity. In an organic solvent-rich solution (e.g., water-acetonitrile-ethylacetate mixture; 3:8:4 volume ratio), the homogeneous solution first became an emulsion or nontransparent solution that included minor solvent or water-rich tiny droplets and then changes to a heterogeneous solution that included an upper major organic solvent-rich solution and a lower minor water-rich solution under the control of gravity. In a similar way, in a water-rich solution (e.g., water-acetonitrile-ethyl-acetate mixture; 80:20:9 volume ratio), the homogeneous solution first became an emulsion solution that included minor solvent or organic solvent-rich tiny droplets, and then changed to a heterogeneous solution that included an upper minor organic solvent-rich solution and a lower major water-rich solution (Supporting Information; Fig. S3 ).
The phase formation of the ternary mixed solvents in a capillary tube under pressure due to laminar flow is estimated as follows, where it is not under the control of gravity. A specific homogeneous solution with a component ratio near the boundary between homogeneous and heterogeneous in the phase diagram is delivered under laminar flow conditions that produce a constant pressure to the radial face. In an organic solvent-rich solution, the homogeneous solution first becomes an emulsion solution that includes minor solvent or water-rich tiny droplets. The water-rich tiny droplets start to aggregate near the inner wall where the linear velocity is lowest under laminar flow conditions. Consequently, the ternary mixed solvent solution in a tube changes to a heterogeneous solution that includes a major inner organic solvent-rich solution and a minor outer water-rich solution, where it is not under the control of gravity. Similarly, in a water-rich solution, the homogeneous solution becomes an emulsion solution that includes minor solvent or organic solvent-rich tiny droplets. The organic solvent-rich tiny droplets start to aggregate near the inner wall where the velocity is lowest under laminar flow conditions. The ternary mixed solvent solution in a tube changes to a heterogeneous solution that includes a major inner water-rich solution and a minor outer organic solvent-rich solution where it is not under the control of gravity (Supporting Information; Fig. S4) .
In order to have knowledge regarding the tube radial distribution of the solvents in a capillary tube, the formation of inner and outer phases in a capillary tube was simulated with the two-component solvents mixture, water and ethyl acetate mixture, which were not homogeneously mixed. As the volume of fluid method (VOF) (Fluent program) functions for multi-phase flow model and actual fluid in the capillary tube generates the two phases, the above two-component solvents mixture was adopted as a model in this simulation. Phase-formation images in the organic solvent-rich and water-rich carrier solutions were obtained with the simulation program under the conditions described in the Experimental section. They are shown in Figs. 2 and 3 , respectively. These images are generated at 0.25, 0.50, 1.00, 2.00, and 3.00 s from start of the flow. Blue color is composed of 100% volume ratio water per a mesh and red color is 100% volume ratio ethyl acetate per a mesh. The volume ratios between 100% water (blue) and 100% ethyl acetate (red) per a mesh are expressed with 18 color gradients from blue to red. The color gradient bars are also shown in Figs. 2 and 3 .
As shown in Fig. 2 , with the organic solvent-rich carrier solution, a minor water-rich thin layer (blue) is first generated very near to the inner wall, following which the aqueous-organic mixed solvents become a heterogeneous solution that includes minor water-rich outer (blue) and major organic solvent-rich inner (from red to yellow green) phases. Such distributions are observed in the simulation images, regardless of whether the inner-wall characteristics were hydrophilic (contact angle 30 ) or hydrophobic (contact angle 150 ). With the water-rich carrier solution (Fig. 3) , regardless of whether the inner wall is hydrophilic or hydrophobic, a minor organic solvent-rich thin layer (red) is first generated near the inner wall, following which the aqueous-organic mixed solvents become a heterogeneous solution that includes minor organic solvent-rich outer (red) and major water-rich inner (from blue to yellow) phases. The simulation images for phase formation in a capillary tube are consistent with the phase formation observed experimentally through the TRDP. From experimental data reported in our previous papers, the TRDP must be constructed under rather complicated conditions, including the composition ratios of solvents, flow rates, the inner diameter of the tubes, and pressure. The results obtained here imply that the computer simulation is useful for our investigation of the TRDP, such as setting the conditions and designing the microfluidic device.
Conclusions
The phase formation in the TRDP was explained as one point of view based on the experimental data as follows. The ternary mixed homogeneous solution in a microflow first becomes an emulsion solution that includes minor tiny solvent droplets. The tiny droplets then start to aggregate near the inner wall where the linear velocity is lowest under laminar flow conditions, leading to a heterogeneous solution that includes a phase interface in a microflow. Also, the results of our computer simulation were consistent with the concept of TRDP, i.e., inner and outer phase formations in microspaces.
